Background: Sedation practice, especially when non-anaesthesia personnel are involved, requires efficient anaesthetic depth monitoring. Therefore, we used prediction probability (P K ) to evaluate the performance of the bispectral index (BIS) of the EEG and automated responsiveness test (ART) to predict sedation depth and loss of subject's responsiveness during propofol sedation, with and without N 2 O. Methods: Twenty volunteers were studied during propofol administration with (N 2 O) and without (Air) N 2 O. The protocol consisted of sequential 15-min cycles. After a control period, propofol was infused to a target effect-site concentration of 0.25 mg/ml (N 2 O) or 1.5 mg/ml (Air), which was subsequently increased by 0.25 or 0.5 mg/ml, respectively, until loss of responsiveness was detected by loss of response to command [observer's assessment of alertness/sedation (OAA/S) score 4 2]. Results: Deeply sedated patients did not respond to ART indicating that the sensitivity was 1.0 with or without N 2 O. The specificity of ART was 0.24 with Air and 0.98 with N 2 O. The BIS was better than ART in predicting OAA/S score
# Acta Anaesthesiologica Scandinavica 47 (2003) W HEN moderately sedated patients enter a state of deep sedation or general anaesthesia, they may loose the ability to maintain an airway (1, 2) . Inadequate ventilation is the major source of anaesthesia-related morbidity in office-based settings (3) . Responsiveness to verbal command is one of the standard methods for assessing level of sedation. Enhancing our ability to predict sedation depth is thus important, especially when non-anaesthesia personnel outside the operating room administer sedation.
The bispectral index (BIS) of the EEG has been extensively used as a surrogate measure of anaesthetic depth during general anaesthesia or sedation. It demonstrates an almost linear relationship with effect-site anaesthetic drug concentration and decreases monotonically with increasing sedation depth (4) (5) (6) . Pooled data analysis has provided evidence that BIS can predict different sedation levels and loss of consciousness. However, the large variability and overlap in BIS scores at distinct depths of anaesthesia and the delay in EEG processing reduce the ability of BIS to precisely predict sedation depth in individual subjects (7, 8) . Furthermore, several reports have suggested that BIS values may depend on the drug used (4, 5) .
The automated responsiveness test (ART) was developed as a binary index for evaluating a patient's level of sedation. The ART consists of a computergenerated voice that instructs the subject to press a button. Ability to press the button within 10 s is considered evidence of intact patient responsiveness. Potential advantages of the ART over BIS are a direct indication of the subject's alertness and the resistance to false-normal responses (2) .
We therefore evaluated the ability of the ART and BIS monitoring to predict different sedation levels. Additionally, we compared the performance characteristics of the ART with those of BIS monitoring for the same sedation endpoints. We analysed data obtained from volunteers who were first given propofol and N 2 O and then propofol alone (2) .
Methods
With approval of the University Human Studies Committees and informed consent, we evaluated 20 volunteers who were aged 27 AE 6 years, weighed 66 AE 10 kg, and were 169 AE 8 cm tall. Seven of the 20 were men.
Protocol
All the standard monitors and the BIS of the EEG (A-2000, BIS 3.3 algorithm, system revision 1.07, Aspect Medical Systems, Inc., Newton, MA) were applied to the participating volunteers. The ART apparatus was strapped loosely to the dominant hand. It consists of a button incorporated into a hand-piece. A computer-generated voice instructs the subject via an earpiece to press the button. This request is repeated up to five times over a 10-s interval. With each repetition, the voice becomes louder and more insistent. Furthermore, the instructions are accompanied by progressively more vigorous vibration of the hand-piece. Both the voice and vibration stop immediately when the button is depressed. Failure to activate the ART button within 10 s after the request is initiated is considered a failed response.
The ART was applied every 2 min during the entire sedation period. The volunteers were subjected to the ART for 10-15 min before each sedation trial. The volume of the query was adjusted to a level that they were able to hear easily. We confirmed that the volunteers responded promptly to the ART during this pre-study period.
First, the volunteers were studied during administration of propofol and 50% N 2 O in O 2 (N 2 O). After a 1-h recovery period, they were re-evaluated with propofol only (Air). The protocol consisted of sequential 15-min cycles. After a 15-min-long control period, propofol was infused to an initial target concentration of 0.25 mg/ml (N 2 O) or 1.5 mg/ml (Air). In the N 2 O trial, we also included 15 min of N 2 O alone. The propofol infusion was maintained throughout each 15-min cycle. Subsequently, the target was increased by 0.25 mg/ml (N 2 O) or 0.5 mg/ml (Air) and the process repeated until the patient entered into a state of deep sedation as detected by an observer's assessment of alertness/sedation (OAA/S) score 4 2 ( Table 1 ). The N 2 O always preceded the Air trial, in order to avoid accumulation of propofol in the plasma before we began the N 2 O part.
We used a TCI system to target effect-site (9) rather than plasma propofol concentrations. The drug delivery system consisted of a Harvard 2 electronic syringe pump (Harvard Clinical Technology, South Natick, MA) and a customized software driver. We used a three-compartment model and published pharmacokinetic data (10, 11) . We considered the period from 9 to 15 min within each cycle to be at pseudo-steady state.
Measurements
BIS data were gathered with two sensors arranged in a frontal-temporal montage after mild abrasion of the skin. Impedance of the sensors was evaluated at 15-min intervals and kept lower than 5 kO. Bispectral index values were transmitted to a data-acquisition system every 5 s, while the smoothing window was set at 30 s. Volunteers were advised to keep their eyes closed, especially during each pseudo-steady state recording period.
ART responses and predicted effect-site propofol concentrations were continuously recorded and saved for off-line analysis. During each 10-s period of ART, the volunteers were presented with five distinct queries. The number of failures (0-6) to respond positively to these queries was used to convert ART from a binary to a multi-strength anaesthetic depth indicator, namely 'ART delay'. The observed anaesthetic depth spectrum from a positive ART response with zero failures (0) to a negative one (6) was thus quantified to an ordinal scale (0-6).
Sedation was assessed using the responsiveness component of the OAA/S score (12) ( Table 1) . We defined transition to deep sedation to occur at an OAA/S 4 2. Sedation was always evaluated by the same investigator who was blinded to BIS values. BIS values were always recorded before the ART. Sedation (OAA/S) scores were regularly evaluated at the 9th and 15th minutes of each cycle, immediately after the application of the ART and before a venous blood sample was obtained. The OAA/S scale was also applied whenever volunteers failed the ART. Blood samples were also obtained when an OAA/S 4 2 was detected.
Data analysis
Plasma propofol concentrations at 9th and 15th minutes of each concentration cycle were compared using
paired a t-test for validation of our pseudo-steady state assumption. Predicted effect-site and measured plasma propofol concentrations, as well as BIS and OAA/S scores were averaged among the subjects at the last positive (yes) and first negative (no) response for both the ART and sedation endpoints. Data were presented separately for the N 2 O and Air trials. BIS and OAA/S score values at the above endpoints were compared between the two trials using Wilcoxon's signed rank tests.
The ability of BIS, ART, and 'ART delay' to predict sedation depth and OAA/S 4 2 (deep sedation) was evaluated using prediction probability (P K ). P K , in this context, is the probability that an indicator correctly predicts the depth of sedation (13) . To compute the P K , the BIS score and ART response were analysed as the predicting variables, and the true observed anaesthetic depth (OAA/S score) was the value of the variable to be predicted. The P K in this case is thus the estimate of the probability that the BIS and ART will correctly predict the depth of sedation and an OAA/ S 4 2. An indicator with a perfect predictive ability has a P K value of 1.0, whereas an indicator that performs no better than chance has a P K value of 0.5.
P K values were calculated for BIS, ART and 'ART delay' for the N 2 O and Air trial separately. The P K values for each of the above indicators were calculated in two different ways. First, the 'P K for OAA/S score' was calculated to indicate the probability of correctly predicting the OAA/S score. Second, the 'P K for OAA/S 4 2' was calculated to indicate the probability of correctly predicting entry into deep sedation as defined by an OAA/S score 4 2. The jack-knife method was used to compute the standard error of the estimate (13) . A paired-data jack-knife analysis was used to evaluate whether the P K for one indicator was different from another one.
Sensitivity of the ART to detect deep sedation, as defined by an OAA/S 4 2, was computed as the percentage of the deeply sedated volunteers who did not respond to the ART (ART-no). Similarly, specificity was calculated as the percentage of the volunteers with OAA/S >2 who responded to the ART (ARTyes). We computed the positive predictive value of ART as the proportion of volunteers with no response to the ART who were correctly diagnosed as having entered into a state of deep sedation. Negative predictive value was calculated as the proportion of volunteers with ART response who were truly in a state of deep sedation. Sensitivity of the BIS using a cut-off value of 70 (BIS 70) was calculated as the percentage of deeply sedated volunteers who had an index value lower than 70. Similarly, BIS specificity was computed as the percentage of the moderately sedated volunteers who had a BIS equal or higher than 70. We calculated the positive predictive value of 'BIS 70' as the proportion of volunteers with a BIS <70 who were correctly diagnosed as deeply sedated. Negative predictive value was calculated as the proportion of volunteers with a BIS 5 70 who were truly moderately sedated. Receiver operating characteristic (ROC) curves were used to display the trade-off between sensitivity and specificity for the BIS as a continuous predictor of an OAA/S 4 2. Area under the curves was calculated by the trapezoid method.
All data are presented as means AE SDs, unless otherwise noted. Because multiple statistical comparisons were made, a P-value <0.01 was considered statistically significant.
Results
Cardiovascular and respiratory physiology of the volunteers, as well as, the validation of our pseudosteady state assumption during both sedation trials have been reported previously (2, 9) . Table 2 presents the predicted effect-site and plasma propofol concentrations and the BIS and OAA/S scores at the various sedation endpoints. Median BIS at ART loss was 89 and 68 during the N 2 O and Air trials, respectively. Transition to deep sedation occurred at a BIS value of 79 during the N 2 O and 61 during the Air trial. However, the 25-75% ranges extended from 69% to 78% and 53 to 64%, respectively. During the Air trial, significant changes were found between the BIS values taken just before and those just after the transition to deep sedation. The use (Table 2) . One measure of the ability of the different indicators to predict the OAA/S score and deep sedation, as presented by P K values, is shown in Table 3 . The BIS of the EEG showed a better performance than ART in predicting OAA/S score and entry into deep sedation, during the Air trial. Nitrous oxide decreased the performance of BIS in predicting the OAA/S score, whereas it increased the performance of ART in predicting deep sedation. During the Air trial the performance of ART in predicting the OAA/S score was significantly higher than predicting an OAA/S 4 2 (deep sedation). The performance of 'ART delay' in predicting either sedation endpoint was identical to that of the ART.
Sensitivity, specificity, positive and negative predictive values are another measure of predictive value. The ability of each sedation depth indicator to describe deep sedation as an OAA/S score 4 2, are presented in Table 4 for each trial separately using a BIS of 70. Sensitivity and specificity of BIS for predicting deep sedation for the entire range of BIS values are presented as a receiver-operating curve in Figs 1 and  2 . No responses to the ART occurred in patients who were truly in a state of deep sedation as determined by OAA/S score with either Air or N 2 O; in other words, ART had a sensitivity of 1.0 in each case.
Discussion
Our study evaluated the abilities of the ART, a dichotomous sedation depth indicator, and BIS to predict the level of sedation and transition from moderate to deep sedation during propofol alone and propofol combined with N 2 O. In each case, sedation/anaesthetic depth was expressed by the responsiveness component of the OAA/S score, as it provides a good correlation with sedation and has been validated prospectively (12, 14) . The stepwise increase in the propofol effect-site concentration resulted in the transition to deep sedation, which was defined by a loss of response to verbal command (OAA/S 4 2).
We used two different statistical approaches to quantify predictive ability: prediction probability Table 3 Prediction probability estimates. Because multiple statistical comparisons were made, we considered a P-value <0.01 to be statistically significant for this analysis. *P < 0.01 compared with 'Air' for the same endpoint and the same indicator; †P < 0.01 compared with BIS for the same endpoint and the same trial; ‡P < 0.01 compared with OAA/S 4 2 for the same indicator and the same trial.
(P K ) and sensitivity/specificity analysis. P K is a nonparametric measure of association that is recommended as a performance measure for anaesthetic depth indicators and observed depth scales of any degree of coarseness or fineness (13) . An advantage of P K analysis is that performance of different anaesthetic depth indicators can be directly compared. However, it is important to understand that the P k statistic is not prediction as we typically think of it. What P k means is that for two randomly selected data values with distinct observed anaesthetic depth, P k is the probability that the indicator values correctly predict which of the data values is the lighter (or deeper) sedation level. It is thus the probability that the data pairs are concordant, that is the probability that the lower anaesthetic depth value is paired with a lower indicator value. P k values for BIS correlation with the OAA/S score and deep sedation endpoints were 0.84 and 0.87, respectively, during the Air trial. These values are in agreement with those reported previously (7, 14) ; however, other investigators have demonstrated a significantly higher performance for BIS regarding the correct prediction of sedation depth and/or transition to deep sedation during propofol administration (4, 6) . Although part of these differences may be owing to different study designs, our non-surgery volunteers' setting is similar to those that have demonstrated a P K for BIS greater than 93% (4, 6) . A possible explanation for this discrepancy may be an interaction among the BIS, ART, and OAA/S tests. Even though we took precautions to minimize the effect of the stimulusresponse tests on BIS value, the application of a OAA/S test, which is triggered after repeated ART failures, might have influenced the BIS and decreased its accuracy, especially at light levels of sedation. Nonetheless, recent evidence suggests that intense auditory stimulation (6, 15) or operating room noise (16) , as well as OAA/S test application (15) do not interfere with BIS, even during light propofol sedation. In addition, the range of BIS at the various sedation levels as well as the overlapping values at consciousness and depressed consciousness (deep sedation), in our study, are similar with what others report (5-8). Sensitivity, specificity, positive and negative predictive value (PV) of the bispectral index, using a cut-off value of less than 70 (BIS 70) and automated responsiveness test (ART) to describe deep sedation as defined by an 0AA/S score 4 As determined by P k analysis, ART did not perform as well as BIS in predicting OAA/S score and deep sedation during the Air trial. During N 2 O, in contrast, ART and BIS comparably predicted either endpoint and, interestingly, ART performed better at predicting the transition to deep sedation during the N 2 O than during the Air trial. This might have occurred because of the lower levels of propofol at which deep sedation occurred during the N 2 O trial. This finding contrasts with our previous findings regarding the performance of ART in predicting deep sedation during N 2 O (2). The different statistical approach and/or the different scoring system for sedation we used previously may cause this discrepancy.
Our second statistical measure of efficiency was a sensitivity and specificity analysis. Because BIS is a continuous measure, we presented sensitivity and specificity for all possible BIS values as a receiveroperating characteristic (ROC) curve. However, we also presented sensitivity and specificity for a BIS cut-off value of 70. Although essentially arbitrary and post hoc, previous studies have demonstrated good test efficiency at this level for discriminating awake from sleeping states (6, 8, 17) and that an abrupt loss of conscious processing occurs at a BIS of approximately 65-70 (5). During the Air trial, at a cut-off point of 70, BIS sensitivity to detect deep sedation was 84%. Supplementation of N 2 O decreased the sensitivity but increased the specificity of BIS from 57% to 98%. Sensitivity of the ART was 100% during Air and remained so even after the addition of N 2 O. However, specificity of ART was poor during each trial.
The addition of N 2 O on the propofol sedation scheme was associated with significantly higher BIS values at all tested sedation endpoints. Nitrous oxide has a known BIS-increasing effect (5, 18, 19) , which is also associated with a decrease in the probability of response to verbal command (5) . The beta ratio (20) , an important component of BIS at light levels of anaesthesia, is responsible for tracking the gamma 'desynchronized' activity of the EEG that indicates the conscious state. Induction to general anaesthesia with the use of excitatory agents such as N 2 O does not lead to the collapse of gamma-band EEG activity as is the case with other agents (21) . The maintenance of gamma oscillations after loss of consciousness could explain why BIS is relatively insensitive when used during sedation with N 2 O. In our study, the use of N 2 O decreased the predictive accuracy of BIS for all sedation endpoints. However, the low accuracy of BIS for detecting deep sedation may indicate that a stimulusresponse index such as ART would be more appropriate when N 2 O is used.
In our previously published analysis (2), we used logistic regression to model the probability of ART loss as a function of OAA/S score for the two trials separately. According to Smith et al. (13) using a modeldependent performance measure, such as 50% probability of response (P 50 ), has the drawback that reflects not only the indicator's inherent potential but also how well the model fits. In addition, in our previous analysis no statistical comparison was done between the N 2 O and Air trials, regarding the performance of ART. In the current analysis we used only the responsiveness component of the OAA/S score, whereas previously we summed all of its four components and defined deep sedation as a score equal or lower than 10/20. Deep sedation in both analyses was invariably defined by the loss of response to verbal command (responsiveness OAA/S component); however, the use of a 20-to-9 instead of a 5-to-1 scale might have affected the model of the probability for the loss of ART.
A limitation of our statistical analysis is that we included numerous sets of measurements from each volunteer, although these data are not fully independent. Whether the observed differences between the performance of various anaesthetic/sedation depth indicators in our study and across the literature bear any clinical importance has yet to be determined. Since there is no clinical setting that fulfils the unstimulated, steady-state and well-controlled conditions under which most of the relevant studies have been conducted, a spontaneous activity index such as a BIS may prove less useful than ART for detecting the level of drug effect in daily practice.
Anecdotal evidence suggests that electromyographic signals might also corrupt a BIS producing misleadingly high readings. Unfortunately, in our study we did not record frontal EMG activity. Whereas EEG indices tend to be more reliable in the presence of muscle relaxation, we were unable to demonstrate an important effect of relaxation in a previous study (22) . Sleigh et al. also demonstrated that EMG activity contributes only slightly to scalp EEG signals, and that it is important to avoid filtering out the frequencies above 30 Hz when detecting behavioural states of unresponsiveness (17) .
We recognize that even after several minutes after a step change in the target effect-site propofol concentration, there will be arterial-venous differences in the drug plasma concentration. However, as we have already shown (2, 9) , plasma concentrations were virtually constant during the 9th to 15th minute of each pseudo-steady state measurement period.
We conclude that BIS and ART perform comparably in predicting sedation depth and deep sedation, as defined by an OAA/S 4 2. However, ART, because of its resistance to false-normal responses, might prove to be more useful on an individual patient basisespecially in the presence of drugs such as N 2 O that impair BIS sensitivity.
